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Preface 
The Office for the Study of Automotive Transportation (OSAT), in cooperation with 
researchers from other units of the University of Michigan, is undertaking a multiyear program 
of research titled "Effective Resource Management and the Automobile of the Future." The first 
project focused on recycling automotive plastics and provides an independent evaluation and 
review of the issues and challenges that recycling pose for this class of materials. 
The Automotive Recycling Project benefited from the financial support of numerous 
sponsors: The American Plastics Council; The Geon Company; Hoechst Celanese; Miles, Inc.; 
OSAT's Affiliate Program; Owens-Coming Fiberglas; and The University's Office of the Vice 
President for Research. In addition, representatives of each of the Big Three automakers 
graciously served on the Project's advisory board, as did Suzanne M. Cole. 
The project reports provide an overview and analysis of the resource conservation problems 
and opportunities involved in the use of plastics, and describes the factors that are likely to 
influence the future of automotive plastics. We develop information on the economic, 
infrastructure, and policy aspects of these issues, identifying the barriers to and facilitators of 
automotive plastics use that is less constrained by resource conservation and recycling concerns. 
At the same time, the Vehicle Recycling Partnership, a precompetitive joint research activity of 
the Big Three, is devoting its resources to the technical issues raised by recycling automotive 
plastics. 
The Recycling Automotive Plastics project yielded six reports: 
Life Cvcle Assessment: Issues for the Automotive Plastics Industry (UMTRI Report #90-40- 
I), by Brett C. Smith and Michael S. Flynn, an overview of the LCA approach and its 
implications for automotive plastics (15 pages). This paper includes, as an appendix, the 
EPA design manual by Greg Keoleian and Dan Menerey, Life Cycle Design Manual: 
Environmental Requirements and the Product System; 
omic Issues in the Reuse of Automoti Econ ve P l a s h  (UMTRI Report #90-40-2), by Daniel 
Kaplan, a general consideration of the economic barriers and issues posed by recycling 
automotive plastics (42 pages); 
Pecvcling the Automobile: A Legislative and R ~ @ ~ o N  Preview (UMTRI Report #90-40- 
3), by Suzanne M. Cole, Chair, Society of Plastic Engineers, International Recycling 
Division, describes the likely developments on the federal regulatory and legislative front 
that will influence the future of automotive plastics use and disposition (26 pages); 
Bostconsumer Dis~osition of the Automobile (UMTRI Report #90-40-4), by T. David 
Gillespie, Daniel Kaplan, and Michael S. Flynn, a review of the issues and challenges over 
the different disposal stages posed by postconsumer automotive plastics (54 pages); 
Material Selection Processes in the Automotive Industry (UMTRI Report #90-40-S), by 
David J. Andrea and Wesley R. Brown, an overview of the factors and issues in vehicle 
manufacturers' material selection decisions (34 pages); 
Automotive Plastics Chain: Some Issues and Challen -= (UMTRI Report #90-40-6), by 
Michael S. Flynn and Brett C. Smith, a report of the OSAT survey of the automotive plastics 
industry (27 pages), plus appendix on types of automotive plastics. 
These reports are all available from: 
The Office for the Study of Automotive Transportation 
University of Michigan Transportation Research Institute 
2901 Baxter Road 
Ann Arbor, MI 48 109 
(3 13) 764-5592 
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Executive Summary: 
Recycling Automotive Plastics 
Michael S. Flynn and Brett C. Smith 
Office for the Study of Automotive Transportation 
University of Michigan Transportation Research Institute 
The Recycling Automotive Plastics project provides an overview and analysis of the resource 
conservation problems and opportunities involved in the automotive use of plastics and 
composites, and describes the factors that are likely to influence their future. The project 
produced a series of six reports targeted to different aspects of the recycling challenges posed by 
automotive plastics. Combined with the technically oriented reports of the Vehicle Recycling 
Partnership, these reports should serve two purposes. First, they can serve as a broad 
introduction to the diverse and numerous dimensions of the recycling challenge for automotive 
managers whose areas of responsibility only indirectly or peripherally touch on recycling. 
Second, they can provide specialists with a broad panoply of contextual information, anchoring 
their detailed knowledge within the broad framework of recycling issues. 
Automotive plastics posses numerous advantages for the automotive manufacturer and 
consumer. They contribute to lower vehicle weight, important for fuel conservation and 
emission reduction, while permitting the additional weight of new safety equipment. Plastics and 
composites are corrosion resistant, so their use can prolong vehicle life, and they are an 
important element in the paints used to protect other materials. They offer the designer greater 
flexibility, reducing the constraints that other materials often impose on shapes and packaging. If 
the difficulties of recycling automotive plastics present a potential barrier to their use, their 
advantages suggest that the barrier should be overcome, rather than deterring their continued 
automotive applications. 
However, automotive plastics are visible and easily tied to the vehicle manufacturers. Hence, 
they may become targets for public opinion and government action out of proportion to their real 
role in solid waste disposal issues and potential for economic recycling. 
I. The first report Q f e  Cvcle Assessment: Issues for the Automotive Plastics Industry, UMTRI 
Report #90-40-1, by Brett C. Smith and Michael S. Flynn) provides an overview of the 
developing Life Cycle Assessment (LCA) approach and its implications for automotive plastics. 
An element of the emerging "design for the environment" method, LCA calls for an inventory, 
impact assessment, and improvement analysis targeted to the environmental consequences of a 
product across its production, use, and retirement. While environmental costs are typically 
unavailable, LCA supports the inclusion and consideration of any such costs that can be 
estimated, particularly for some of the environmental factors often ignored in traditional product 
decisions. 
A fully developed LCA for vehicles or even components presents numerous significant 
analytic challenges to the industry, and may never become practical. First, a full LCA would be 
extremely costly, and the human and financial resources it would consume may be simply 
unavailable. Second, the handling of the data in an LCA can critically determine its outcome. 
The data for factors in an LCA are often lacking, typically measured in different metrics, subject 
to variable weightings, and frequently aggregated in different, noncomparable ways. Third, 
LCAs are difficult to evaluate and compare because they often reflect differing assumptions, 
varying boundaries, and there are no commonly accepted standards for their execution. Finally, 
the comparison of environmental costs with more traditional cost factors is at best difficult and 
speculative. 
Nevertheless, LCA offers industry a sensitizing tool, useful for ensuring consideration of 
some environmental effects, and consistent with an industrial ecology approach to resource 
conservation. Moreover, the LCA approach resonates with some other developments in the 
automotive industry. Thus the industry is moving to more system-based material decisions, 
while its accounting system is evolving to a form that would more readily provide input for an 
LCA. The growing emphasis on cost reduction and waste elimination is also philosophically 
consistent with LCA goals. The industry has gained experience in other analytic techniques, 
such as quality function deployment, that have value even if only partially executed. 
The automotive industry must shift from a reactive to a proactive approach in the 
management of its environmental effects. The ability to move quickly and surely to develop 
environmentally acceptable products and processes will be critical to future success. 
Establishing environmental credibility will increasingly afford the manufacturers an opportunity 
to create a positive image and thus a competitive edge in the marketplace. LCA might become 
an important tool in the development of an environmentally friendly product. However, cost 
pressures in today's competitive environment will likely make the industry approach 
environmental issues in a cautious manner. 
11. The second report (Economic Issues in the Reuse of Automotive Plastics, UMTRI Report 
#90-40-2, by Daniel Kaplan) presents a general consideration of the economic barriers and issues 
posed by recycling automotive plastics. The United States currently recycles roughly 75% of the 
automobile, although plastics constitute roughly one-third by weight of the landfilled residue. 
An important question facing the automotive plastics industry is whether a combination of 
economic and technical developments might occur that would permit plastics to repeat the 
recycling success story of automotive steel. 
Recycling automotive plastics faces two major economic barriers. First, the labor cost to 
recover the materials in usable form is quite high, making it unlikely that recycled stock can 
compete with the price of virgin stock. The second is that recyclers cannot rely on a consistent 
and stable flow of plastic scrap, as retired automobiles vary greatly in the level and type of 
plastic content. This makes it difficult, if not impossible, to establish end markets. Other 
economic barriers to successful recyclinginclude the costs of transportation and recovery. 
There are nonrecycling options for automotive plastics disposal. The landfill option still 
exists, although current trends suggest that it may soon become expensive enough to promote the 
use of other options, such as pyrolisis. Incineration permits energy recovery, but faces some of 
the same undesirable side-effects as landfills. 
Pressure for recycling may raise the likelihood of policy interventions, as the government 
tries to avert the negative consequences of automotive plastics content, such as landfilling, while 
preserving its benefits, such as reduced fuel consumption and vehicle emissions. Government 
efforts will likely focus on attempts to capture the environmental externalities in the price of 
materials. However, recycling may have an economic down side: at least some automotive 
plastics, if fully recycled, could damage the viability of both recyclers and resin producers by 
creating an oversupply of material. 
The numerous policy tools that might be invoked by government have a predictably wide 
range of consequences, and these must be incorporated into a cost-benefit analysis before 
appropriate selections can be implemented. In any case, the industry must be prepared to 
respond to a wide range of possible policy developments that will shape the economic viability 
of recycling. 
111. The third report (Recvcling the Automobile: A L a l a t i v e  and Regulatorv Preview, 
UMTRI Report #90-40-3, by Suzanne M. Cole) describes the likely developments on the federal 
regulatory and legislative front that will influence the future of automotive plastics use and 
disposition. Public policy often tries to incorporate social and environmental costs in the price of 
goods so that markets can achieve efficient use of energy and resources. The U.S. government 
has typically relied on regulatory actions to achieve this aim, but may now be moving more in 
the direction of market-based incentives. Moreover, many key legislators are persuaded that the 
model of extended producer responsibility, popular in Europe, offers a mechanism for 
encouraging producers to heed environmental costs in the design of their products. Legislation 
requiring producers to "take back" their products at the end of the life cycle make them 
ultimately responsible for its final disposition. 
The new administration appears to be committed to a course of emphasizing environmental 
goals within a framework that permits rational trade-offs with the need for economic growth and 
development. Increased government R&D spending, much of it in cooperation with private 
industry, provides a foundation for the search for technical solutions to environmental problems. 
The Clean Car program is a major example of how this approach may affect the automotive 
industry. 
EPA appears to lack the anti-business rhetoric that many feared, and is shifting to more of a 
pollution prevention approach rather than a pollution clean-up response. In addition, the director 
now has a credible staff in place. In spite of the fears of many, Nafta is unlikely to have major 
adverse environmental consequences for the United States, and may actually improve Mexico's 
capability to enforce its fairly stringent regulatory regime. 
The give and take of politics will certainly determine exactly how the balance of 
environmental and economic considerations will be achieved in numerous specific decisions, 
from take back through recycled content legislation to the permit processes governing both new 
and old facilities. 
IV. The fourth report (Postconsumer Dis~osition of the Automobile, UMTRI Report #90-40- 
4, by T. David Gillespie, Daniel Kaplan, and Michael S. Flynn) reviews the issues and 
challenges that postconsumer automotive plastics pose over the different disposal stages. The 
United States currently has an economically viable vehicle recycling industry, composed of 
dismantlers, shredders, and resin producers. Increased automotive plastics content and 
requirements for its recycling present enormous challenges to this industry. Developing 
appropriate markets for recycled stock is a critical challenge. Mandated, rather than market-led, 
recycling could threaten the very existence of this recycling industry and doom recycling efforts. 
Shrinking landfill capacity and rising prices threaten the recycling industry, which must 
dispose of superfluous material. Increased nonrecyclable plastic content threatens profits, as it 
often replaces material that can be sold and increases the volume of residual material for 
landfilling. For plastics to be profitable, the labor costs associated with recovery must be 
lowered and/or the price of recovered materials rise. Development of automated sorting, 
chemical and physical technologies for reduction, and pyrolisis all offer some hope, but the 
public opinion environment and automotive industry demands may force the pace of recycling 
beyond the infrastructure's capacity. 
There are steps the industry can take to facilitate higher recycling rates for automotive 
plastics. First, plastic components and parts can be designed for easy disassembly and 
dismantling. Second, plastics can be clearly and consistently labeled, to avoid contamination in 
the recycle stock. Third, designers can try to limit the numbers and types of incompatible 
plastics in the vehicle and within any part or component. Fourth, further development of 
incineration and energy recycling could well support resource conservation, and ultimately 
higher reuse of nonplastic automotive materials. Fifth, techniques for recycling commingled 
plastics merit support. 
V. The fifth paper (Material Selection Processes in the Automotive Indu~tyy, UMTRI Report 
#90-40-5), by David J. Andrea and Wesley R. Brown) discusses the factors and issues in vehicle 
manufacturers' material selection decisions. Material selection in the automobile industry is an 
artful balance between market, societal, and corporate demands, and is made during a complex 
and lengthy product development process. 
Actual selection of a particular material for a specific application is primarily driven by the 
trade-off between the material's cost (purchase price and processing costs) and its performance 
attributes (such as strength and durability, surface finish properties, and flexibility.) This paper 
describes some thirty criteria used in material selection today. How critical any one attribute is 
depends upon the desired performance objective. The interrelationships among objectives, such 
as fuel economy, recyclability, and economics, are sufficiently tight that the materials engineer 
must always simultaneously balance different needs, and try to optimize decisions at the level of 
the entire system. 
The vehicle manufacturers' materials engineer and component-release engineer play the 
pivotal role in screening, developing, validating, and promoting new materials, although initial 
consideration of possible material changes may be sparked by numerous players. These selection 
decisions are made within a material selection process that will continue to evolve. This 
evolution will largely reflect changes in the vehicle and component development processes to 
make them more responsive-in terms of accuracy, time, and cost-to market and regulatory 
demands. The balancing of market, societal, and corporate demands will continue to determine 
specific automotive material usage in the future. 
VI. The sixth paper automotive P b t i c s  Chain: Some Issues and Challenges, UMTRI Report 
#90-40-6), by Michael S. Flynn and Brett C. Smith) is a report of the OSAT survey of the 
automotive plastics industry (vehicle manufacturers, molders, and resin producers). This survey 
collected the industry's views on recycling, often contrasted with more general automotive 
industry views reflected in our Delphi series. This report covers four general topics: recycling 
and disposition challenges; regulatory challenges and responses; recycling in material selection 
decisions; and the future of automotive plastics. 
The industry in general views a variety of economic, technical, and infrastructural recycling 
concerns as more important in the case of plastics than of metals. The automotive plastics 
industry, while perhaps viewing these concerns somewhat differently, sees a complex set of 
recycling challenges, varying over both the automotive plastics production chain and the stages 
of recycling/disposition. The manufacturers see these challenges as more severe than do molders 
or resin producers, and the industry generally views market development and disassembly as 
more critical stages. The automotive plastics industry generally favors more emphasis on open- 
loop recycling and the development of the disassembly infrastructure, while evidencing little 
support for disposal in landfills. 
Government CAFE regulations are important drivers for automotive plastics use. However, 
government is also moderately committed to recycling. The various levels of government are 
somewhat likely to establish differing regulations to encourage recycling, but are less likely to 
impose outright bans on any current plastics/composites. Among the range of governmental 
incentives for recycling, tax incentives are generally seen as useful, but more restrictive and 
limited actions are seen as not particularly useful. The automakers are unlikely to restrict the 
total amount of plastics in the vehicle, although they will probably limit the use of unrecyclable 
plastics and restrict the number of types of plastics in the vehicle. They are also likely to pass 
through any recycling requirements to their suppliers, the molders and resin producers. 
The recyclability of automotive plastics is not yet a major factor in automotive materials- 
selection decisions, ranking far below the traditional factors. Recyclability is viewed as, at most, 
of moderate importance to the customer and the industry. Moreover, there are concerns about 
the cost of recycling automotive plastics, and very real apprehension that there is little market for 
them, once recycled. These considerations are likely to drive up the cost of plastics, should they 
be recycled, and thus further discourage their use. 
Our results present a somewhat mixed picture as to the future role of automotive plastics in 
the North American industry, although in general a promising one. There are clear drivers for 
their use, including their advantages for design flexibility, and these are likely to be buttressed by 
more stringent fuel-economy regulations in the future. However, there are concerns about their 
ultimate disposition when the vehicle is retired. These concerns reflect a different environmental 
priority, one that the automotive industry does not yet view as a customer demand, nor as a 
"heavyweight" materials-selection factor. 
Our survey suggests that the automotive plastics industry and its vehicle producing customers 
are aware of and concerned about the environmental challenges that lie ahead. Moreover, they 
are seeking solutions to these challenges that are environmentally sound and responsive to the 
demands of vehicle purchasers and users. To be sure, their views are often influenced by their 
own position in the plastics value chain, and they reveal some tendency to prefer solutions that 
impose responsibility on other stages in that chain. However, they reject solutions that might 
relieve their own burden, but are environmentally problematic, such as landfilling. 
These papers suggest that the automotive industry's adoption of plastics and composites is 
moving forward. The pace of adoption is responsible, and the industry treats the environmental 
effects of its material decisions neither lightly, nor as someone else's problem. However, that 
pace is cautious, reflecting many uncertainties. These include concerns that the industry may be 
disproportionately blamed by the public for problems in recycling disposed materials, and 
apprehensions that the industry may be disproportionately targeted by government to resolve 
such problems. Since plastics and composites confer a wide variety of benefits, including 
environmental advantages, the industry may be erring on the side of too much, rather than too 
little, caution. 
Life Cycle Assessment: 
Issues for the Automotive Plastics Industry 
Brett C. Smith and Michael S. Flynn 
Office for the Study of Automotive Transportation 
University of Michigan Transportation Research Institute 
INTRODUCTION 
The complexity of an automobile and its manufacturing process presents many difficult 
challenges and decisions to an automotive manufacturer. Traditionally, environmental factors 
have not weighed as heavily as other criteria in material selection decisions. However, the 
balance of environmental and other factors has begun to change, as the industry now faces 
increasing pressure from government regulations, environmental action groups, and its own 
internal cost constraints. These changes require a fundamental rethinking of industry's 
traditional methods of analyzing, allocating, and considering costs. 
Life Cycle Assessment (LCA) calls for an inventory, impact assessment, and improvement 
analysis targeted to the environmental consequences of a product across its production, use, and 
retirement. While environmental costs are typically unavailable, LCA provides an approach that 
supports the inclusion and consideration of such costs that can be estimated, particularly for 
some of the environmental factors often ignored in traditional product decisions. At the very 
least, it offers industry a sensitizing tool, useful for ensuring the consideration of environmental 
effects. This paper introduces LCA and discusses some of the issues that it raises for the 
automotive manufacturers and their suppliers of plastic parts and components. 
THE ENVIRONMENTAL CHALLENGE 
Government regulation of automotive related environmental issues is rapidly becoming an 
issue of central importance for the industry. The Clinton administration and several important 
Democratic congressmen have already indicated that the future will likely see more extensive 
environmental legislation and regulation affecting the industry. Whether these actions take the 
form of industry voluntary cooperation or government command and control is still an open 
question. 
1 Suzanne M. Cole, "The Outlook for Legislation Addressing the Environmental Impact of the U.S. Automotive 
industry," (University of Michigan Transportation Research Institute report no. 93-40-3, 1993), 9-12. 
1 
A vast array of pending legislative and regulatory activity at the federal level confronts the 
automotive industry. The industry faces legislative challenges for its current and closed facilities 
and that could potentially total a $500 billion bill for hazardous wastes cleanup alone.? It also 
faces environmental challenges aimed at its present actions, embodied in an expanding Resource 
Conservation and Recovery Act. Finally, it may well be affected by further environmental 
challenges in the future, possibly including product take-back legislation. 
State governments are also becoming more active on the broad environmental front. In all 
probability, automobile manufacturers will face not only more stringent federal regulations, but 
also a set of stricter state laws and regulations. Moreover, the individual states are likely to 
pursue environmental initiatives that are varied and different, increasing the net burden on the 
industry. There is also reason to expect that at least some of these state initiatives will be 
inconsistent, reflecting various priorities, concerns, and pressures in different states. This 
presents a further threat to the industry. Because of the importance of scale economies, the 
automotive industry probably cannot manufacture affordable vehicles in quantities small enough 
to satisfy each state's specific requirements. If there is wide state-to-state variation, the 
companies may have to meet the full set of requirements at the most severe levels to preserve a 
national market, or pursue the unpalatable course of dropping out of the market in particular 
states. 
A recent survey of resins manufacturers, molders, and automobile assemblers suggests that 
state and local governments are likely to ban some types of materials from landfills. Bans of this 
type could limit the manufacturers' choices of materials, effectively constraining those choices as 
much as would laws directly targeted to material selection. If such regulations are in fact 
imposed at the state and local levels, manufacturers will also face the challenge of developing 
products that meet a varied mix of disposal regulations. While such landfill bans are less likely 
to target plastics than other materials, these respondents believe that there is a fifty-fifty chance 
that the federal government will ban some types of automotive plastics. More generally, the 
industry overwhelmingly expects some requirements for recycling the automobile to emerge 
within this decade.3 
Jon Lowell, et a1 "Hazardous Waste: The Auto Industry's $500 Billion Mess." Ward's Auto World 29, no. 7, 
(Ward's Communications, July 1993), 34. 
See Michael S. Flynn and Brett C. Smith, "Automotive Plastics Chain: Some Issues and Challenges," (University 
of Michigan Transportation Research Institute repon no. 93-40-6, 1993), 15-16, for further discussion. 
California continues to lead in automotive air pollution legislation. The California Air 
Resources Board has set a requirement that calls for 2 percent of vehicles sold in California in 
1998 to emit zero emissions, forcing the industry to develop new, nonpetroleum powerplants. 
Although this pressure has accelerated research on the technical feasibility of such zero 
emissions alternatives, major technological barriers remain. Electric vehicles, while perhaps 
closer to reality, still rely on lead acid batteries. Unfortunately, lead acid batteries of today are 
only slightly better than those from decades past, and current battery technology limits vehicle 
range to roughly 100 miles per charge-a charge that may take as long as eight hours to 
complete. Commercially viable electric vehicles that can secure any notable share of the private 
market require a major breakthrough in battery technology, an unlikely development in the next 
five to ten years. 
Environmental advocacy groups have become increasingly vocal and influential in recent 
years. Groups such as the Environmental Defense Fund and Greenpeace may become more 
important forces in the automotive industry and market. They not may only influence legislation 
and regulation, but they also may effect changes in consumer sentiment that favor "green" 
vehicles. The situation faced by the European manufacturers, where the environmentally active 
Green Party has strong influence upon legislation, is even more daunting. The contribution of 
automotive plastics to reduce the weight of the vehicle, thus reducing emissions as well as 
conserving fuel, is an important one. Whether these groups recognize these environmental 
contributions of plastic or focus on its use of a nonrenewable resource and the challenges it poses 
to recycling is an open question. 
The automotive industry must respond to these legislative and social challenges at a time 
when it is already experiencing severe financial constraints. The industry must divert funds to 
develop environmentally sound practices and products that meet emerging governmental and 
consumer demand-a potentially expensive proposition-while continuing to invest in new 
products to meet current consumer demand for particular types and styles of vehicles. For the 
automotive plastics industry, this challenge is compounded by the filtering of these demands 
through its automotive manufacturing customers, and the additional demands they are likely to 
impose. 
DESIGN FOR THE ENVIRONMENT 
Figure 1 illustrates the traditional resource assumptions for consumer-oriented, mass 
production societies. This system reflects the premise that resources are virtually unlimited and 
that waste sinks (whether air, water, or land) are public goods. Many scientists and policy- 
makers believe that the continued reliance on this ecological model is certainly undesirable and 
could eventually be catastrophic. Moreover, while recent years have seen the growth of 
recycling and expanded reuse of materials, some critics suggest that the level of these activities 
is, in reality, insignificant4 
Figure 1 Consumer Product Resource System 
Unlimited 
Resources 
Allenby suggests that society has four response options with regard to the environmental 
challenges, as displayed in table 1. He argues that either of the two extreme options (radical 
ecology or the continuation of our current practices) will inevitably lead to chaos. The 
intermediate options (deep ecology and industrial ecology) offer more hope. However, deep 
ecology, with its preference for low technology solutions, simply cannot sustain our current 
population levels, and that involves serious adjustment costs, if not the chaos expected under the 
more extreme solutions. That leaves what he terms "industrial ecology" as the preferred and 
viable path, largely predicated on the belief that technology has created the ability to attain our 
current population levels, and only through technology will we be able to sustain those levels. 
Industrial ecology requires engineers to exercise care and caution, recognizing environmental 
constraints and guiding technical evolution within its boundaries. The adoption of the design for 
environment as the standard practice is the major route to achieving this goal. 
Design for environment (DFE) is an overall strategy to develop products that are more 
environmentally acceptable, yet continue to meet customer demands. Design for recycling 
(DFR), design for disassembly (DFD), and life cycle assessment (LCA) are all important 
elements of DFE, and each is undergoing further refinement and definition. These three 
elements are currently in varying stages of adoption in the automotive industry, and are critical if 
the industry is to develop products that consumers view as environmentally friendly. 
+ 
R. Braden Allenby, "Industrial Ecology: The Materials Scientist in an Environmentally Consaained World." MRS 
Bulletin, Mar& 1992,48-49. 
4 
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Table 1 Ecological Options, Technical Effects, and Social Costs 
Automobile manufacturers are now actively incorporating strategies to increase the 
recyclability of their products. Efforts include the development of more easily recyclable 
materials and their incorporation into the vehicle and its constituent components. Research and 
development targeted on recycling techniques and processes is also part of the strategy. By 
recognizing and pursuing the application of DFR practices now, the industry can ensure a stream 
of recyclable cars in the future. 
The ease of component removal and separation is an important factor in the recycling of 
materials from an automobile.5 The goal of DFD is to design the product in ways that will make 
the disassembly of vehicles more efficient and cost-effective. The effort to design products that 
disassemble more easily, thus facilitating the separation of components, will make materials 
recycling less economically constrained. The incorporation of snap-fit designs, rather than using 
chemical adhesives or metal fasteners subject to corrosion, to join parts is an example of DFD. 
Such joining is more readily and less expensively reversible at the disassembly stage. 
Costs 
Probable unmanaged 
population crash; economic, 
cultural, technical chaos 
Probable lower population; 
substantial adjustments to 
economic, cultural, technical 
status quo 
Substantial adjustments to 
economic, cultural, technical 
status quo 
Probable unmanaged 
population crash; economic, 








Life cycle assessment constitutes a third major approach supporting vehicle designs that 
better meet environmental constraints, including recycling. LCA provides a structured approach 
Effect on Technology 
Return to low technology 
Appropriate technology; 
"low tech" where possible 
Reliance on technical 
evolution within environmental 
constraints; develop Design for 
Environment as standard 
practice; no bias for low tech 
unless environmentally 
preferable 
Ad hoc adoption of specific 
mandate; little effect on overall 
trendline 
See T. David Gillespie, Daniel Kaplan, and Michael S. Flynn, "Post-Consumer Disposition of the Automobile," 
(University of Michigan Transportation Research Institute report no. 93-40-4,1993). 
to defining and quantifying all the environmental costs associated with the entire life of a 
product, by extending the definition of the life cycle beyond the normal boundaries of 
engineering, manufacturing, and customer use. We now turn our attention to a description and 
discussion of that approach. 
LIFE CYCLE ASSESSMENT6 
Over the course of the past decade, North American automotive engineers have become 
familiar with the principles of design for manufacture andlor assembly (DFM/A)-a design 
approach that emphasizes making a component or part easier to make andlor assemble. Just as 
the gains from DFMlA are becoming evident and perhaps even commonplace, designers, 
engineers, and managers must begin to consider the environmental risks and effects associated 
with their products. The primary mechanism for this is the recognition and inclusion of these 
factors (as costs, when feasible) in an LCA approach that encompasses the expanded product life 
cycle. The LCA approach recognizes seven distinct stages of the product's life cycle, as 
illustrated in Figure 2.7 
LCA focuses on the environmental effects associated with each stage of the product life 
cycle and targets the eventual evaluation of environmental costs at every stage. Thus, factors 
such as energy consumption during processing and distribution, as well as waste streams during 
material acquisition and manufacturing, are important inputs to the full LCA evaluation. These 
effects are considered together with the more traditional factors of material, labor, and capital. 
The EPA suggests that a proper accounting system for an LCA should include an 
inventory analysis, with each material and energy inputloutput identified and quantified. To be 
sure, this poses serious difficulty when a product or process is itself a complex system that must 
be reduced to smaller subsystems for analysis. After the subsystems' effects are identified, they 
must be quantified in a meaningful way, perhaps initially by reporting the levels of released 
hazardous or dangerous wastes.* 
Our discussion draws heavily on Gregory Keoleian and Dan Menerey, "Life Cycle Design Manual: 
Environmental Requirements and the Product System." The United States Environmental Protection Agency, 1993. 
The Project Summary is attached as Appendix I. 
Ibid., 13. 
Keoleian and Menerey, op. cit, 102. 
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Figure 2 The product life cycle system 
A further challenge is the development of standards for the environmental impact of a 
system, including resource depletion, ecological effect, as well as human health and safety 
effects.9 These areas have received little attention until recently and have traditionally been 
treated as an externality--costs borne by society rather than by the individuals involved in the 
transaction.1° As the number of accepted measurement standards increases, reporting of wastes 
and externalities will become more complete and useful inputs to material selection and product 
design decisions. 
Ibid., 108-109. 
lo See Daniel Kaplan, "Economic Issues in the Reuse of Automotive Plastics," (University of Michigan 
Transportation Research Institute report no. 93-40-2,1993), 27-34, for a discussion of externalities in the automotive 
industry. 
Each of these seven stages can include thousands of variables and events that affect the final 
decision. A complete LCA requires quantifying and ranking each potential material with regard 
to its potential waste streams at each stage-a difficult and challenging, if not impossible, task. 
However, partial LCAs can yield valuable information, and frequently can improve the overall 
quality of the design. A partial LCA may focus on a critical subset of components, rather than 
the entire product, or it may reflect differing levels of precision in measuring the costs included 
in the analysis. Thus the evaluation of two designs may include precise dollar estimates of the 
labor costs to manufacture the product, but include only rank-ordered estimates of associated 
adverse ecological effects. 
A significant challenge for industry is the development of a measurement system that will 
permit the evaluation of environmental costs and their comparison with more traditional cost 
factors. For a product as complex as an automobile, the challenge is extreme. The complexity of 
the industry makes such an undertaking a daunting, not to say expensive one. However, the 
industry cannot wait until all inputs to an LCA are as reliably and accurately measured as more 
traditional costs, nor until all such measures are convertible to a common scale, such as dollars. 
Such action would be no more sensible than ignoring market share estimates in traditional 
product evaluations simply because such estimates are less certain and well grounded than are 
estimates of labor costs. LCA analysis, for all its limitations and the difficulties it presents, is a 
useful tool, and its application should improve the overall environmental performance of the 
vehicle and its component systems. 
To be sure, an LCA, even for smaller and simpler products than vehicle parts and 
components, can be lengthy and expensive, especially when those products include multiple 
materials. Norsk Hydro, a Norwegian chemical company, recently published a 220 page LCA 
for polyvinyl chloride.11 To put this in perspective, a North American automobile may contain 
20-30 different types of plastic. 
Although LCAs have seen some applications to simpler products, no full LCA for an 
automobile has been undertaken. However, there have been initial attempts to begin a structured 
LCA for automobiles. Volvo AB is developing a streamlined approach to permit the more 
affordable application of LCA methodology to the vehicle. Nevertheless, the complexity of even 
this streamlined process has led Volvo to join with the Federation of Swedish Industries and the 
Swedish Environmental Research Institute in pursuing this goal. While the group has made 
Emma Chynoweth and Michael Roberts, "Green Pressures Force PVC to Take LCA Lead in Europe," Chemical 
Week, November 18, 1992,41. 
some progress in summarizing the environmental impact of design choices, several large bamers 
remain.12 
In addition to the sheer size of the project, there are other, more fundamental problems in the 
development of an automotive LCA. Benda, Narayan, and Stickler suggest that generally 
accepted standards for resolving eight issues or problems must be developed if LCA is to be 
accepted as a standard design evaluation methodology.13 These problems include: 
Data limitations Key data may often be unavailable or of questionable reliability. 
Varying assumptions These can tilt the LCA outcomes, and often must be arbitrary. 
Lack of standards The many LCAs that are beginning to appear must be subject to 
comparative evaluation against some commonly accepted standard. 
Cost LCAs can require substantial human and financial resources, and until costs can 
be brought down, are unlikely to see wide application. 
Lack of common measurement units This makes it difficult to have confidence in the 
comparison of different factors. 
Boundary definitions Defining the system limits for an LCA, whether full or partial, 
can be extremely difficult, and this decision can determine its ultimate value. 
Weighting factors How the evaluator weights the various factors in an LCA is critical to 
its results, and there is little experience to guide the proper assignment of weights. 
Data aggregation How data is combined across factors can influence the resulting 
estimates of environmental effects. 
These authors suggest that until these issues achieve resolution and some broad consensus, it 
will be difficult to conduct an LCA that yields generally accepted results. Nevertheless, we feel 
that until LCAs become a more common feature of design decisions, and there is an accumulated 
experience base in the use of the method, few of these issues will be resolved. 
l2 Steven Ashley, "Designing for the Environment," Mechanical Engineering,-March 1993,55. 
l3 James Benda, Ramani Narayan, and Jon Stickien, "Use of Expert Systems for Life Cycle Analysis," Society of 
Automotive Engineers, Paper 930558. 
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INDUSTRY PARALLELS TO LCA 
If a full LCA for an automobile, or even a partial LCA of a significant component such as an 
instrument panel poses a daunting challenge, it is useful to recognize that the LCA approach is 
not completely foreign to the industry's decisional framework and experience. First, the 
automotive industry increasingly is relying on a systematic approach to materials selection.14 In 
the case of the automobile, the positive and negative traditional attributes of individual 
components and materials are fairly well understood, at least at each of the traditional stages. 
The industry has also recognized that decision that optimizes performance on one dimension or 
at one stage frequently suboptimizes performance over all criteria and stages. LCA extends this 
systems approach to decisions by broadening the system under consideration to include all 
aspects of the product's environmental risks and effects over an expanded conception of the 
product life cycle. 
Second, LCA presents a major challenge in quantifying costs on each criterion and within 
each stage, and then developing metrics that permit the comparison of costs across stages. While 
this calls for a major shift in the traditional accounting system, such shifts are already underway. 
Pollution and wastes have typically been accounted for at the factory level-grouped into an 
overhead account, and then applied to all products produced at that plant, making it virtually 
impossible to allocate these costs to any particular product line. However, activity-based costing 
(ABC) is gaining acceptance, and this approach makes it possible to track more finely pollution 
and waste costs, as well as important traditional cost factors. 
Third, LCA is not offered as some environmental panacea that demands elimination of all 
waste, effectively condemning any design as bad, because all products result in waste to the same 
degree, such as energy expenditures and generation of scrap materials. Rather, LCA is firmly 
embedded in the industrial-ecology worldview, and recognizes that all products pose 
environmental risks and detrimental effects and that careful analysis is necessary to make the 
appropriate trade-offs and balance the outcomes of our decisions. LCA's goal is the 
classification of the environmental costs of designs to support the selection of those designs that 
minimize waste.15 This is consistent with the cost reduction and waste elimination efforts of the 
industry that have been focused within the more traditional and restrictive life cycle stages and 
encompassing the more traditional cost factors. 
- - 
l4 David J. Andrea and Wesley Brown, "Material Selection Processes in the Automotive Industry," (University of 
Michigan Transportation Research Institute report no. 93-40-5,1993). 
l5 "ECN Environmental Technology--Life Cycle Analysis: Dispelling the Myth." European Chemical News, 
February 15,1993,18. 
Fourth, LCA is similar in some ways to quality function deployment (QFD). QFD faces all 
of the eight problems discussed above, and few full QFDs have been performed on complex 
products. QFD also relies on speculative data, wrestles with noncomparable measurements, and 
often requires extensive resources. Yet it has proved a valuable design tool, and its application 
has often improved the quality of specific designs as it provides a method of assuring that the 
desires of the customer are translated into the design criteria of the engineer. An LCA can also 
provide input to a QFD. Environmental quality characteristics can be added to the QFD house of 
quality, treating the environment as the final customer. Extending the definition of quality 
beyond the product to include the environmental impact of the product and processes inevitably 
leads to a better product. However, just as quality cannot be added to a car after developing it, 
environmental quality cannot be added after the design. Environmental quality must be 
designed-in from the outset. l6 
Fifth, the North American automotive industry has adopted a cross functional team (CFT) 
approach to developing new products. Teaming the many functions within a company early in 
the process, before costly capital and labor decisions are made, makes problems easier and less 
expensive to resolve. An LCA expands the use of CFTs, using members from all stages of the 
product life cycle to better define the challenge. 
As with any new process, one of the more important conditions for the success of an LCA is 
the support and acceptance of management. Without the complete support of management, the 
results of an LCA may be questioned, resisted, and ultimately ignored, and the entire approach 
could fall into disfavor and disuse. 
Ford Motor Company provides an interesting example of how the drivers and concerns of 
LCA integrate into the strategic objectives of an automotive manufacturer, and results in 
management support for the development of new approaches and tools to better measure 
environmental quality. Ford has identified five strategic imperatives for achieving the quality, 
safety, performance, and value that ensure success in the market. These five imperatives are 
displayed in table 2. The integration of these imperatives with environmental concerns suggests 
the industry's growing recognition of the importance of tying business strategy to environmental 
issues. 17 
l6 See Gillespie, Kaplan, and Flynn, op. cit, for a discussion of the importance of design to one environmental 
outcome, recycling of automotive plastics. 
H. 0. Peuaskas, 'Manufacturing and the Environment: Implementing Quality Environmental Management at 
Ford Motor Company" The University of Michigan Manufacturing Forum, November 20, 1992, (Speech). 
Table 2 Strategic imperatives and environmental issues: Ford Motor Company 
LIFE CYCLE STAGES FOR THE AUTOMOBILE 
Customer satisfaction 
World class timing 
Investment efficiency 
Organization structure 
Supply base structure 
Each stage of an automobile's life is a direct concern for the automotive industry. Even 
though the industry has moved away from the massive vertical integration of the early years (an 
era best typified by the massive Ford Motor Company's River Rouge facility), the assemblers 
and their suppliers must still accept the environmental burden for the materials and 
manufacturing processes that yield their product, the energy used during the vehicle's useful life, 
and the final disposition of the vehicle. 
The customer is becoming more environmentally 
conscious. The ability to exceed customers' expectations 
with respect to quality, safety, performance, and value will 
always be requirements. Environmentally friendly products 
will give the company an advantage. 
Anticipate new environmental requirements and plan for 
these early in the process. Achieving compliance with 
environmental regulations will be a critical timing element. 
Pollution prevention can be less expensive than pollution 
control. The company must efficiently invest, early in the 
development stages, in products and processes that prevent, 
rather than control pollution 
Management must empower cross-functional teams to 
integrate environmentally responsive decisions into the 
products and processes. 
Rely on suppliers to develop processes and products that 
are world class, and also environmentally responsive. 
Considering the automobile across the seven stages of the product life cycle adds interesting 
insight to the EPA flow chart, displayed above in figure 2. An industry as complex as the 
manufacture of automobiles leads to many tradeoffs, and, not surprisingly, the present decision 
process often leads to less than optimal environmental solutions. 
Raw material acquisition The acquisition of raw material for the automotive industry is a 
major source of external wastes and are usually not included in industry decisions. These wastes 
are frequently overlooked, perhaps because the mining activity is so far removed, both 
geographically and psychologically, from the automobile manufacturing process. Consider the 
mining of iron ore to make steel. Environmental costs such as the damage done to the earth from 
the mining, the energy used to mine, the pollution in surrounding water supplies caused by the 
runoff, and the energy used in transporting the ore are simply not considered. Such costs enter 
automotive decisions only to the extent that they are appropriately reflected in the price of steel. 
While steel is viewed as an inexpensive material at the manufacturing stage, the traditional 
financial accounting system may not accurately reflect these several environmental costs. The 
ability to measure these wastes properly and include them in the total cost of the material is 
critical to a comprehensive LCA. 
Bulk Processing Bulk Processing, similar to raw material acquisition, is far enough upstream 
from the manufacturing process that the wastes associated with it are sometimes overlooked. 
Making aluminum from bauxite is an example of bulk processing. The realistic measurement of 
the energy used to make the transformation is critical in measuring environmental costs. The 
transformation of bauxite to aluminum is energy (i.e., electricity) intensive. While the price of 
the electricity captures some of this cost, local electric companies subsidize many aluminum 
conversion facilities. Although aluminum is attractive for its fuel saving capabilities, the present 
system may not permit all of its environmental costs to be appropriately considered in a material 
selection decision. 
Engineered specialty materials Automotive plastics provide many examples of the 
transformation of raw materials into engineered material. The development of thermosets and 
engineered plastics has proven to be an asset to the automotive industry. These materials offer 
the industry low weight and flexibility, yet the complexity of the chemical reactions needed to 
manufacture the materials increases the challenge of recycling these polymers.'* 
Manufacture and assembly This stage is traditionally the focal decision point for the 
automotive industry. Over the decades, the industry has developed favored materials and 
processes. Decisions, traditionally based on cost, focused mainly on factors that affected 
manufacturing, assembly and the next stage-the use of the vehicle. The traditional materials 
and processes are now undergoing reexamination. Manufacturing processes deemed appropriate 
for decades are now understood to cause potential significant wastes. The industry must now pay 
for the damage caused by practices that at the time were not considered negligent.19 
See Gillespie, Kaplan, and Flynn, op. cit. 
l9 Stephen Plumb, "A Field of Dreams Turns into a Field of Waste," Ward's Auto World 29, no. 7, Ward's 
Communications, July 1993,34 
Use and service Like manufacturing, this stage has been an important and emphasized part 
of the traditional business analysis of the product life cycle. Recently this stage has gained an 
even more prominent role in the decision process. As pressure to increase fuel economy has 
grown, a greater emphasis has been given to lightweight materials. Plastics have excelled as 
lightweight materials. Yet the increase in plastics has, to a certain extent, shifted the waste 
stream from the useful life of the vehicle (through reduced gasoline consumption) to the 
retirement stage (landfilling or incineration of plastics). 
Retirement The retirement of a vehicle raised a major solid waste disposal issue in the 1960s, 
but with the development of minimills it became less critical. Nearly all automobiles are 
recycled through an efficient and profitable infrastructure of dismantlers and shredders. 
However, this recycling infrastructure is now under threat, as the increased use of plastics and 
the increased costs-both financial and social--of landfilling automotive residue make the basic 
economics of vehicle recycling less attractive.20 
Treatment and disposal The last stage in an automobile's life cycle is the final disposal of 
the materials, including the materials that are returned to the earth and biosphere. Landfilled 
materials and residue from pyrolysis and heat recovery represent typical ends of the automotive 
materials life cycle. Numerous costs occur at this stage that traditionally have been treated as 
externalities in automotive industry decisions. 
The task of defining the environmental costs of a single material on a single component 
through the life cycle is a lengthy and laborious venture. If the entire range of alternative 
materials is included in the analysis, the venture is potentially overwhelming. Even so, it is 
becoming increasingly critical for product development teams to begin incorporating the 
environmental impacts of materials in their selection criteria. 
20 See Gillespie, Kaplan, and Flynn, op. cit . 
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SUMMARY 
The automotive industry must shift from a reactive to a proactive approach in the 
management of its environmental effects. The ability to move quickly and surely to develop 
environmentally acceptable products and processes will be critical to future success. 
Establishing environmental credibility will increasingly afford the manufacturers an opportunity 
to create a positive image and thus a competitive edge in the marketplace. 
Design for the environment is a developing strategy that encompasses a broad range of 
actions. Each of these actions, perhaps especially LCA, will be a critical tool in the development 
of an environmentally friendly product. However, cost pressures in today's competitive 
environment will likely make the industry approach environmental issues in a cautious manner. 
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Project Summary 
Life Cycle Design Manual: 
Environmental Requirements 
and the Product System 
Gregory A. Keoleian and Dan Menerey 
The U.S Environmental Protection 
Agency's (EPA) Risk Reduction Engineer- 
ing Laboratory and the University of Michi- 
gan are cooperating in a project to reduce 
environmental impacts and heatth risks 
through product system design. The re- 
sulting framework for life cycle design is 
presented in Life Cycle Design Manual: 
Environmental Requirements and the 
Produd System. Environmental require 
ments in life cycle design are chosen to 
minimize aggregate resource depletion, 
energy use, waste generation, and delete- 
rious human and ecosystem health ef- 
fects. 
The manual adopts a systems-oriented 
approach based on the product life cycle. 
A product life cycle includes raw rnateri- 
als acquisition, bulk and engineered ma- 
terials processing, manufacturing/assern- 
bly, usehervice, retirement, and disposal. 
Design activities address the product sys- 
tem, which includes product, process, dis- 
tribution, and managemenuinformation 
components. 
integrating environmental requirements 
into the earliest stages of design is a 
fundamental tenet of life cycle design. Con 
cepts such as concurrent design, total 
quality management, cross-disciplinary 
teams, and total cost assessment are also 
essential elements of the framework. A 
multilayer requirements matrix is proposed 
to balance environmental, performance, 
cost, cuttural, and legal requirements. The 
following design strategies for pollution 
prevention and resource conservation are 
presented: product life extension, mate 
rial life extension, material selection, re- 
duced material intensiveness, process 
1 
management, efficient distribution, and 
improved business management (which 
includes information provision). Environ- 
mental anatysis tools for developing r e  
quirements and evaluating design alterna- 
tives are outlined. 
This Rolect Summary was developed 
by the Universify of Michigan for the €PA 's 
Risk Reduction Engineering Laboratory, 
Cincinnati, OH, to announce key findings 
o f  the research project that is fully dow- 
mented in a separate report o f  the same 
title (see Rolect Report ordering i n f o m -  
tion at bad). 
Overview 
The purpose of the Life Cycle Design 
Projed is to promote environmental impad 
and risk reduction through design. This project 
mmplements the EPA's Life Cycle Assess- 
ment Project which is developing guidelines 
for life cycle inventory analysis. The frame- 
work developed in th~s project guides design- 
ers to reduce aggregate impacts associated 
with their products. Successful low-impact 
designs must also satisty performance, cost, 
cuhural, and legal criieria 
Investigation of the design literature and 
interviews with 40 design professionals con- 
tribuled to the development of a basic frame- 
work for Ile cycle design. The interviews were 
mnduded to identify barriers and the infor- 
mat& and tools needed to achieve environ- 
mental objectives. Life Cycle Design Demon- 
stration Projects are being conducted with 
ATBT Bell Labs and Allied Sgnal to test the 
design framework. 
A summary of the seven chapters con- 
tained in Life Cycle Design Manual: Environ- 
.$i: . . - Frrnted on Recycled Paper 
mental Requirements and the Pmducl Sys- 
tem folbws. 
Chapter 1. Introduction 
~ o s t  environmental impads result from 
design decisions made bng before manufac- 
ture or use. Yet environmental criteria often 
are not considered at the beginning of design 
when it is easiest to avoid impacts. As a 
result, many companies channel resources 
into fixing problems rather than preventing 
them. 
In the past 15 yr, companies began to 
focus more on pollution prevention and re- 
source conservation. Innovative firms are now 
adopting ambitious environmental policies in 
response to changing public perceptions. But 
translating these policies into successful ac- 
tion is a major challenge. Without proper sup- 
port, environmental design programs may be 
launched without specific objectives, defini- 
tions, or principles. 
Such practices demonstrate the need for a 
design framework that helps reduce total en- 
vironmental impads while satisfying other cri- 
teria When design considers all stages of the 
Me cycle from raw material acquisition to final 
d i d  of residuals, the full consequences 
of produd devebpment can be understood 
and acted on. 
Purpose 
The manual seeks to: 
provide guidance on reducing impacts 
and health risks caused by product 
devebpment 
* encourage the inclusion of 
environmental requirements at the 
earliest stage of design rather than 
focusing on endofpipe solutions 
integrate environmental, performance, 
cost, cultural, and legal requirements 
in effective designs 
scope 
Environmental requirements for product 
design are the main focus of the manual. In 
life cycle design, products are defined as 
systems that include the following compo- 
nents: product, process, distribution network 
backaging and transportation), and manage- 
ment (induding information provision). Life 
cyde design can be applied to: 
improvements, or minor modifications of 
existing products and processes; 
new features associated with developing 
the next generation of an existing product 
or process; and 
innovations characteristic of new designs. 
No single design method or set of rules 
applies to all types of products. For that rea- 
son, the manual provides general guidelines 
rather than prescriptions. Designers should 
use the manual to develop tools best suited 
to their specrflc projects. 
Audlence 
Each participant in produd system devel- 
opment has an important role to play in achiev- 
ing impact reduction. The manual is primarily 
targeted for the fdbwing decision makers: 
product designers 
industrial designers 
* process design engineers 
packaging designers 
product devebpment managers 
staff and managers in: accounting, 
marketing, distribution, corporate strategy, 
environmental health and safety, law, 
purchasing, and service 
Chapter 2. Life Cycle Design 
Basics 
Several key elements form the foundation 
of life cycle design. First, design takes a 
systems approach based on the life cycle 
framework Every activq related to making 
and using produds is included in design. As 
a result, the product is combined with pro- 
cessing, distribution, and management to form 
a single system for design. When the full 
consequences of devebpment are identified, 
environmental goals can be better targeted. 
The Ufe Cycle Framework 
The term product life cyde has been ap- 
plied to both business adivities and material 
balance studies. In business use, a product 
life cycle begins with the first phases of de- 
sign and proceeds through the end of pro- 
dudion. Businesses tradc costs, estimate prof- 
its, and plan strategy based on this type of 
product life cycle. 
In contrast, environmental inventory and 
impact analysis follows the physical system 
of a product. Such life cyde analyses track 
material and energy flows and transforma- 
tions from raw materials acquisition to the 
ultimate fate of residuals. 
Life cyde design combines the standard 
business use of a life cycle with the physical 
system. By taking a systems approach, life 
cycle design seeks to avoid the cross-media 
transfer of pollutants or the shifting of impacts 
from one life cycle stage to another. 
Ufe Cycle Stages 
The product life cycle can be organized 
into the following stages: 
raw material acquisition 
bulk material processing 
engineered materials production 
manufacturinglassembly 
use and servce 
retirement 
disposal 
A general flow diagram of the product life 
cycle is presented in Figure 1. The net effect 
of each produd life cycle is the consumption 
of resources and the conversion of these 
resources into residuals which accumulate in 
the earth and biosphere. 
Product System Components 
Life cycle design addresses the entire prod- 
u d  system, not just isolated components. 
This is the most logical way to reduce total 
environmental impacts. The produa system 






The productmmponent consists of all ma- 
terials in the final product and includes all 
forms of these materials from acquisition to 
their ultimate fate. Processingtransforms ma- 
terials and energy into intermediary and final 
products. Distribution consists of packaging 
systems and transportation networks used to 
contain, protect, and transport items. Man- 
agement responsibilities include administra- 
tive services, financial management, person- 
nel, purchasing, marketing, customer services, 
and training and educational programs. The 
management component also develops infor- 
mation and conveys it to others. 
The process, distribution and management1 
information components can be further clas- 
sified into the following subcomponents: facil- 
ity or plant, unit operations or process steps, 
equipment and tools, labor, secondary mate- 
rial inputs, and energy. 
Goals of Ufe Cycle Design 
The primary objective of life cycle design is 
to reduce total environmental impacts and 
health risks caused by product development 
and use. This objective can only be achieved 
in concert with other l ie cycle design goals. 
Life cycle design seeks to: 
conserve resources 
prevent pollution 
* support environmental equity 
preserve diverse, sustainable ecosystems 
rnainta~n long-term, viable economic 
systems 
Resource conservation, pollution preven- 
tion, and the equitable distrbution of resources 
and nsks are essential to preserve the sus- 
tainable ecosystems that comprise the planet's 
life support system. For this reason, product 
systems must be developed that balance hu- 
man resources, natural resources, and capi- 
tal while preserving healthy ecosystems. 
Chapter 3. The Development 
Process 
Design actions translate life cycle goals 
into highquality, low-impad products. As Fig- 
ure 2 shows, product development is com- 
plex. Many elements in the diagram feed 
Open-loop recyding 
Material downcyclrng 
into another product 
The Earth and Bosphere 
Fugitive and untreated residuals 
Arrborne, waterborne, and solrd resrduals 
Material, energy, and labor inputs for Process and Management 
4 Transfer of materials between stages for Product; includes 
transportation and packagrng (Datrrbubon) 
Figure 1. The product lite cycle system. 
back on others. This emphasizes the con- 
tinual search for improved products. 
Life cycle goals are kcated at the top to 
indicate their fundamental importance. Un- 
less these goals are embraced by the entire 
development team, true l ie cycle deign is 
impossible. 
Management exerts a mapr influence on 
all phases of development. Both concurrent 
design and total quality management provide 
models for life cycle design. In addition, ap- 
propriate corporate policy, strategic planning, 
and measures of success are needed to 
support design projects. 
Research and development discovers new 
approaches for reducing environmental im- 
pacts. The state of the environment provides 
a context for desgn. In life cycle design, 
current and future env~ronmental needs are 
translated into appropriate designs. 
Atyptcal design project begins with a needs 
analysis, then proceeds through formulating 
requirements, conceptual design, preliminw 
design, detailed design, and implementation. 
During the needs analysis, the purpose and 
scope of the project are defined, and custom- 
ers are clearly identified. 
Needs are then expanded into a full set of 
design criteria that includes environmental re- 
quirements. Successful designs balance en- 
vironmental, performance, cost, cultural, and 
legal requirements. Design atternatives are 
proposed to meet these requirements. The 
devebpment team continuously evaluates al- 
ternatives throughout design. H studies show 
that requirements cannot be met or reason- 
ably modified, the project should end. 
Finally, designs are implemented after final 
appmval and cbsure by the devebpment 
team. 




Concurrent design Team coordination 
* Life cycle qualiry + Policy and strategy 
Measures of success 
Figure 2. Life cyde des~gn process. 
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Monitor, plan improvements 
Management 
Commitment from all levels of manage- 
ment is a vital part of life cycle design. Corpo- 
rate environmental policy must be translated 
into specific criteria to have a signifiint effect 
on product and process design activities. Ob- 
jectives and guidelines need to be estab- 
lished in enough detail to provide useful guid- 
ance in design decision making. 
The progress of life cycle design programs 
should be monitored and assessed using 
deariy established environmental and finan- 
aal measures. Appropriate measures of suc- 
cess are necessary to motivate individuals 
within development teams to pursue environ- 
mental impact and health risk reductions. 
Concurrent Design 
Life cycle design is a logical extension of 
concurrent manufacturing, a procedure based 
on simultaneous design of product features 
and manufacturing processes. In contrast to 
projects that isolate design groups from each 
other, concurrent design brings participants 
together in a single team. By having all actors 
in the life cycle participate in a project from 
the outset, problems that develop between 
different disciplines can be reduced. Efficient 
teamwork also reduces development time, 
bwers costs, and can improve quality. 
Life Cycle Quality 
Environmental aspects are closely linked 
with quallty in life cycle design. Companies 
who look beyond quick profits to focus on 
customers, multidisciplinary teamwork, and 
cooperation with suppliers prowde a model 
for life cycle design. The life cycle framework 
expands these horiions to include societal 
and environmental needs. Life cycle design 
may thus build on total qualrty management, 
or be incorporated in a TOM program. In life 
cycle design, the environment is also seen as 
a customer. Pollution and other impacts are 
qualty defects that must be reduced. Utti- 
mate success depends on preserving envi- 
ronmental quallty while satisfying traditional 
customers and employees. 
Team Building 
Life cycle design depends on crossdisci- 
plinary teams. These teams may include any 
of the following life cycle participants: ac- 
counting, advertising, community, customers, 
distributionlpackaging, environmental re- 
sources staff, government regulators/stan- 
dards setting organizations, industrial des~gn- 
ers, lawyers, management, marketing/sales, 
process designers and engineers, procure- 
mentlpurchasing, production workers, re- 
search and development staff, and service 
personnel. Effectively coordinating these 
teams and balancing the diverse interests of 
all participants presents a s~gnilicant chal- 
lenge. 
Needs Analysls 
Design projects customariiy begin by rec- 
ognizing the need for change or uncovering 
an opportunity for new product development. 
The first step in any project should be identi- 
fying customers and their needs. Avoiding 
confusion between trivial or ephemeral de- 
sires and actual needs is a major challenge 
of lie cyde design. 
Once significant needs have been identi- 
fied, the project's scope can be defined. This 
entails choosing system boundaries, charac- 
terizing analysis methods, and establishing a 
project time line and budget. In addition, de- 
velopment teams should decide whether the 
project will focus on improving an existing 
product, creating the next generation model, 
or developing a new product. 
In chooslng an appropriate system bound- 
ary for design, the development team must 
initially consider the full life cycle. More re- 
stricted system boundaries must be property 
justified. Beginning with the most comprehen- 
sive system, design and analysis can focus 
on the: 
full life cycle, 
partial life cycle, or 
individual staoes or activities. 
Choice of the-full life cycle system will 
provide the greatest opportunities for environ- 
mental impact reduction. 
Narrowly bounded systems may provide 
useful results, but the limitations must be 
recognized and clearly stated. Stages may 
be omitted if they are static or not affected by 
a new desgn. In all cases, designers wolking 
on a more llmlted scale should be aware of 
potential upstream and downstream impacts. 
Comparative analysis, also referred to as . 
benchmarking, is necessary to demonstrate 
that a new desgn or modification is an im- 
provement over competitive or alternative de- 
sgns. 
Requirements 
Requirements define the expected design 
outcome. Design atternatives are evaluated 
on how well they meet requirements. When- 
ever poss~ble, requirements should be stated 
eqlicitly to help the design team translate 
needs into effective desgns. 
Successful development teams place re- 
quirements before desgn. Rushing into de- 
sign before objectives are defined often re- 
sults in fa~led products. 
Design Phases 
The following phases of development are 
not slgniflcantly atered by life cycle design: 
conceptual design, prellmlnary design, de- 
tailed des~gn, and ~mplementation. During 
these phases, the development team synthe- 
sizes various requirements into a coherent 
design. Because life cycle desgn 1s based on 
concurrent practices, activities in several 
phases may be occumng at the same tlme. 
Umltatlons 
Lack of data and models for determining 
lie cycle impacts makes anatysis difficult. Lack 
of motivation can also be a problem. When 
the scope of design is broadened from that 
portion of the life cycle controlled by individual 
players to other participants, interest in l ie 
cyde design car dwindle. lt can be difficult for 
one party to take actions that mainly benefit 
others. 
Chapter 4. Requirements 
Formulating requirements is one of the most 
critical activities in l ie cycle design. A well- 
conceived set of requirements translates 
project objectives into a defined solution space 
for design. 
In life cycle design, environmental func- 
tions are critical to overall system quality. For 
this reason, environmental requirements 
should be developed at the same time as 
performance, cost, cultural, and legal criteria. 
All requirements must be balanced in suc- 
cessful designs. A product that fails in the 
marketplace benefits no one. 
Key Elements 
Requirements define products in terms of 
functions, attributes, and constraints. Funo 
tbns describe what a successful design does. 
Functions should state what a des'gn does, 
not how it is accomplished. AnribUtes are 
further details that provide useful description 
of functions. Constraints are conditions that 
the design must meet to satisfy project goals. 
Constraints provide limits on functions that 
restrict the design search to manageable ar- 
eas. 
Considerable research and analysis are 
needed to develop proper requirements. Too 
few requirements usually indicates that the 
design is ambiguous. 
The level of detail e~ ressed  in require- 
ments depends on the type of development 
project. Proposed requirements for new prod- 
ucts are usually less detailed than those set 
for improving an existing product. 
Use of Requirements Matfix 
A muttilayer requirements matrix provldes 
a systematic tool for formulating a thorough 
set of environmental, performance, cost, cul- 
tural, and legal requirements. A schematic of 
this multilayer matrix is shown in Fgure 3. 
A practical matrix should be formed by 
further subdividing the rows and columns of 
this conceptual matrix. Matrices allow product 
development teams to carefully study the in- 
terdependencies and interactions between life 
cycle requirements. They also provide a con- 
venient tool for identifying conflicts between 
requirements and clantying tradeoff s that must 
be made, Issues that can assist designers in reformulation 
defining environmental requirements are in- Reduced material intensiveness 
troduced in the manual. Process management 
Ranklng and Welghlng 
Requirements 
Fibking and weighing requirements pro- 
vide designers with an understanding of the 
relative importance oi various requirements. 
An example of a useful classification scheme 
folbws. 
* Must requirements are conditions that 
improvements and design alternatives 
have to meet. No design alternative is 
acceptable unless it satisfies all must 
requirements. 
Want requirements are desirable traits 
used to select best alternatives from 
proposed solutions that meet must 
requirements. Want requirements help 
designers seek the best solution, not just 
the first alternative that satisfies 
mandatory condhions. These criteria can 
play a aitical role in customer aaxptance 
and perceptions of quality. 
* Ancillayfundions are b w  ranked in terms 
of relative importance and can therefore 
be relegated to a wish list. Designers 
shoukl be aware that these desires exist 
and try to incorporate them in designs 
when it can be done without 
compromising more critical parameters. 
Customers or clients should not ekpect 
to find many ancillary requirements 
included in the final design. 
Chapter 5. Design Strategies 
Effective strategies can onb be adopted 
after project objectives are defined by re- 
quirements. Deciding on a course d action 
before the destination is known can be an 
invitation to disaster. Strategies fbw from re- 
quirements, not the reverse. 
A successful strategy satisfies the entire 
set oi design requirements, thus promoting 
integration d environmental requirements into 
design. No strategy is exdusive. Most devel- 
opment projects should adopt a range of 
strategies to satisty requirements. For this 
reason, no single strategy should be ewcted 
to satisfy all project requirements. 
The folbwing strategies are outlined in the 
manual: 
Product system life extension 










* process substitution 
* process control 
* improved process layout 





Improved business management 
office management 
* information provision 
labeling 
advertising 
Chapter 6. Environmental Analysls 
Tools 
A systematic means of gathering and ana- 
lyzing data in varying depths is needed from 
the very beginning of a devebpment project 
through implementation. In particular, envi- 
ronmental analysis is needed for 
benchmarking and the evaluation of design 
alternatives. 
Environmental assessments are based on 
the following two components: 
Inventory analysis 
Impact analysis 
An inventory analysis identiies and quanti- 
fies all inputs and outputs for a product sys- 
tem. Information about material and energy 
inputs and waste (residual) outputs for every 
significant step included in the system under 
study are compiled during the inventory analy- 
SIS. 
The purpose of impact assessment is to 
evaluate impacts and risks associated wlh . 
the material and energy transfers and trans- 
formations quantified in the inventory an*- 
sis. 
Scope of the Analysls 
A full life cycle assessment may not be 
essential for many design activities. Scope 
can vary from complete quantification of all 
inputs, outputs, and their impads to a simple 
verbal description of inventories and impacts. 
Boundaries for analysis may range from the 
full life cycle system to individual activities 
within a life cycle stage. The devebpment 
team should be able to justify reducing the 
xope for design to a partial life cycle system. 
The following factors related to analysis 
should also be considered when setting spe- 
cific system boundaries: basis, temporal 
boundaries (time scale), and spatial bound- 
aries (geographic). In general, the basis for 
analysis should be equivalent use, The time 
frame or conditions under which data were 
gathered should be clearly identified. A data 
collection p e r ' i  should be chosen that is 
representative of average system perfor- 
mance. Spatial boundaries should also be 
noted because the same activity can have 
radically different effects in different locations. 
Inventory Analysls 
The inventory analysis should be conduded 
to satisfy requirements of the imqact analysis. 
Two main tasks are involved in an inventory 
analysis: 
Identifying material and energy input and 
output streams and their constituents 
Quantifying these inputs and outputs 
Allocation problems can occur in processes 
with multiple useful outputs. Proportioning im- 
pacts according to the total weight of the 
main product relative to the coproducts is a 
commonly used allocation method. 
The EPA publication, Life Qde Assess- 
ment: Inventoy Guidelines and Principles 
(EPA/6001R-921036) provides more detailed 
instructions for conducting an inventory as- 
sessment. 
Impact Assessment 
The final result of an impact analysis is an 
environmental profile of the product system. 
The translation of inventory data into environ- 
mental effects or impacts is achieved through 
a wide range of impact assessment models, 
including hazard and risk assessments mod- 
els. 
Impact analysis represents one of the most 
challenging analysis functions of product sys- 
tems devebpment. Although cunent meth- 
ods for evaluating environmental impacts are 
incomplete, impact assessment is important 
because it enables designers and planners to 
understand the environmental consequences 
of a design more fully. The devebpment team 
must recognize that analysis tools for assess- 
ing environmental impacts and risks are con- 
stantly improving. Designers, however, can- 
not wait for the "ultimate" environmental as- 
sessment models. Decisions shoukl be based 
on the best available data and methods of 
assessment. 
Environmental impacts can be organized 
into the following categories: 
resource depletion 
* ecolagical degradation 
human health effects (health and safety 
risks) 
* other human welfare effects 
Resource acquisition has two basic envi- 
ronmental consequences: 
ecological degradation from habitat 
disruption (e.g., physical disruption from 
the mining) 
* a reduction in the global resource base 
that effects sustainability 
Ecological risk assessment includes many 
of the elements of human health risk assess- 
ment but is much more complex. The eco- 
logical stress agents must be identified as 
Figure 3. Conceptual requirements matrix. 
1 
Envrronmental 
well as the ecosystem potentially impacted. 
Ecokgical stress agents can be categorized 
as chemical (e.g., toxic chemicals released to 
the environment), physical (e.g., habitat de- 
struction through bgging), and biological (in- 
troduction of an exotic species) agents. 
Human heatth risk assessment includes 
hazard identification, risk assessment, expo- 
sure assessment, and risk characterization. 
Human heaRh and safety risks can also be 
assessed using models that evaluate pro- 
cess system reliability. 
Chapter 7. Ufe Cycle Accounting 
Traditional accounting practices need to be 
modified to more fully reflect the total costs of 
pollution and resource depletion. Improved 
accounting practices can be a key element in 
facilitating lie cycle desgn. Accounting meth- 
ods outlined in this chapter are based on the 
total cost assessment model. 
At present, most cost systems used in 
business are based on financial accounting. 
Because these systems are designed to serve 
reporting rather than management functions, 
environmental costs are usually gathered on 
the facilify level. These costs are added to 
overhead and then assigned to specific prod- 
ucts for management purposes. Allocation 
methods vary in accuracy, but future advances 
may albw gathering of much more accurate 
product-specific costs. 
Life cycle desgn benefits from an accurate 
estimate of costs related to developing and 
using products. Matenal and energy fbws 
provide a detailed template for assigning costs 




assessment model, life cycle accounting adds 
hidden, liabilty, and less tangible costs to 
those costs usually gathered. This expanded 
scope matches the range of activities included 
in life cycle design. Time scales are also 
expanded to ~nclude all future costs and ben- 
efits that might result from design. 
Usual Costs 
Life cycle accounting first identifies tradi- 
tional capital and operating expenses and 
revenues for product systems. Many bw- 
impact designs offer benefits when evaluated 
solely by usual costs. Such cost savings can 
be achieved through material and energy con- 
servation, elim~nation or reduction of pollution 
control equipment, nonhazardous and haz- 
ardous waste disposal costs, and labor costs. 
- 
Hidden Costs 
Hidden costs consist mainly of regulatory 
costs assoc~ated with product system devel- 
opment. Many hdden costs incurred by a 
company are gathered for entire facilities and 
assigned to overhead. 
Hldden regulatory costs include the follow- 
ing (this is only a partial list): 
CqRal costs 
monitoring equipment 














preparedness and protective 
equipment 















Liability costs include fines due to noncom- 
pliance and future liabilities for remedial ac- 
t in ,  personal injury, and property damage. 
Avoiding liability through design is the wisest 
course. Because estimating potential envi- 
ronmental liability costs is difficult, these costs 
are often understated. 
Less Tangible Costs 
Many less tangible costs and benefits may 
be related to usual costs, hidden regulatory 
costs, and liabilities. Estimating intangibles 
such as corporate image or worker morale is 
difficult, as is projecting improvements in mar- 






The main difficutties in life cycle accounting 
arise in estimating costs for many nontradi- 
tional items and properly allocating those casts 
to specific products/processes. Liability and 
less tangible costs are the most difficuk to 
estimate. 
Some low-impact designs have probably 
not been implemented because life cycle costs 
were not accurately calculated. 
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Externalities (costs borne by society rather nalities do not accrue to firms, acmunting the University of Michigan under the sponsor- 
than the responsible parties) also present systems will not reflect these costs, and life ship of the U.S. Environmental Protection 
problems. These costs are beyond the scope cycle accounting will remain incomplete. Agency 
of aacounting at present. As bng as costs for The full report was submitted in fuvillment 
pollution, resource depletion, and other exter- of Cooperative Agreement No. 817570 by 
Gregory A. Keoleian and Dan Menerey are with the National Pollution Preven- 
tion Center, University of Michigan, Ann Arbor, MI 48109-1 115 
Mary Ann Curran is the EPA Project Officer (see below). 
The complete report, entitled "Life Cycle Design Manual: Environmental 
Requirements and the Product System" (Order No. PB93-164507AS; Cost: 
$27.00, subject to change) will be available from: 
National Technical Information Service 
5285 Port Royal Road 
Springfield, VA 22 16 I 
Telephone: 703-487-4650 
The EPA Project Officer can be contacted at: 
Risk Reduction Engineering Laboratory 
U. S. Environmental Protection Agency 
Cincinnati, OH 45268 
United States 
Environmental Protection Agency 
Center for Environmental Research Information 
Cincinnati. OH 45268 
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